Abstract: Allogeneic hematopoietic stem cell transplant is an established treatment modality for hematologic and non-hematologic diseases. However, it is associated with acute and long-term sequelae which can translate into mortality. Graft-versus-host disease (GVHD) remains a glaring obstacle, especially with the advent of reduced-intensity conditioning. Serotherapy capitalizes on antibodies which target T cells and other immune cells to mitigate this effect. This article focuses on the utility of two such agents: anti-thymocyte globulin (ATG) and alemtuzumab. ATG has demonstrated benefit in prophylaxis against GVHD, especially in the chronic presentation. However, there is limited impact of ATG on overall survival and it has little utility in the treatment context. There may be an initial improvement, particularly in skin manifestations, but no substantial benefit has been elicited. Alemtuzumab has shown benefit in both prophylaxis and treatment of GVHD, but at the consequence of a more profound immunosuppressive phase, mandating aggressive viral prophylaxis. There remains heterogeneity in the doses and regimens of the agents, with no standardized protocol in place. Furthermore, it seems that once steroid-refractory GVHD has been established, there is little that can be offered to offset the ultimately dismal outcome. Here we present a systematic overview of ATG-or alemtuzumab-based serotherapy in the prophylaxis and management of GVHD.
Introduction
Although allogeneic hematopoietic stem cell transplant (HSCT) remains a viable option for the management of multiple hematological and non-hematologic conditions, it is associated with inherent risks which can significantly impair quality of life, or even result in death [1, 2] . Currently, only about one third of patients have an HLA-identical sibling donor. However, establishment of a network of volunteer donor registries facilitate identification of a suitable match for up to 70% of cases [3] . Nonetheless, results of transplantation from HLA-compatible unrelated donors remain inferior compared to those of sibling donors, owing largely to higher rates of graft failure, infection and graft-versus-host disease (GVHD) [4] [5] [6] [7] [8] . That being said, the rates of transplant-related mortality (TRM) have declined over the past decade, primarily as a result of improved conditioning regimen, and advances in supportive care and infection management [9] . GVHD, however, still remains a pronounced issue, especially with the advent of reduced intensity conditioning (RIC), which capitalizes on graft-versus-tumor (GVT) effect to optimize responses [10] . The conditioning regimens Two main polyclonal antibodies currently used include thymoglobulin and ATGAM [39] . Thymoglobulin is generated in rabbits, and hence commonly referred to as rabbit anti-thymocyte globulin, or rATG [40] [41] [42] . There are two forms of rATG; rATG-Thymoglobulin and rATG-Fresenius. The immunogen for rATG-Thymoglobulin is human thymocytes, while the immunogen for rATG-Fresenius, is a Jurkat T-cell leukemia line. The preparations differ in potency and efficacy [33, 34] . A third polyclonal antibody ATGAM is a purified gamma globulin solution obtained by immunization of horses (equine) with human thymocytes. Studies have shown rATG used for GVHD prophylaxis seems not to increase relapse [40] .
However, use of ATG is associated with cytokine release syndrome, and potential for developing post-transplant lymphoproliferative disorder (PTLD). These associations may not apply when lower dosing regimens are used [42] . ATG's mechanistic effects are multifaceted including recent findings that have been demonstrated in its immunomodulatory activity; T-cell depletion in blood and peripheral lymphoid tissues through complement-dependent lysis, T-cell activation and apoptosis, modulation of key cell surface molecules that mediate leukocyte/endothelium interactions, induction of apoptosis in B-cell lineages, interference with dendritic cell functional properties, and finally, induction of regulatory T and natural killer T cells [13] .
Another method to reduce GVHD is the use of monoclonal antibodies (mAb). For several years the genetically engineered anti-lymphocyte mAb, alemtuzumab has been used in vitro and in vivo for control of GVHD and prevention of rejection following bone marrow transplantation [43] [44] [45] . The antibody, which is directed against CD52, is extremely efficient at the lysis of target cells in the presence of human complement, but limited in vivo by the rate of complement biosynthesis [22, 46] . CD52 is one of the most abundant membrane glycoproteins on T and B lymphocytes and is also expressed on NK cells, monocytes, macrophages, dendritic cells, and eosinophilic granulocytes and to a much lesser extent on neutrophilic granulocytes [45] . CD52 was shown to be a co-stimulatory molecule to activate CD4 + regulatory T cells [47] . Alemtuzumab is also known to induce antibody-dependent cellular cytotoxicity (after the activation of NK cells and macrophages through their IgG fragment C receptor). It also acts by directly inducing apoptosis. Depletion of peripheral lymphocytes occurs within one hour from alemtuzumab administration. The antibody has been shown to bind to human Fc receptors of NK cells and macrophages and is very effective for cell lysis in vivo [46] . The overall mechanistic approach leads to simple opsonization of bone marrow T-cells for subsequent clearance [38] .
The predecessor of alemtuzumab is known as CAMPATH-1 (Cambridge Pathology) [22] . The concentration of CAMPATH-1G or CAMPATH-1H (an older version) [48] required for 90% saturation of the CD52 antigen is approximately 10-20 mg/mL [39] . Little or no reactivity with colony-forming cells could be detected by complement-mediated lysis, which is one of the parameters that made this method desirable. The antibody also removes residual host lymphocytes. One problem associated with the use of CAMPATH-1G in vivo was a significant delay (by up to 7 days) in neutrophil engraftment [43] . Because alemtuzumab could remain in the blood at the lympholytic level up to 1-2 months after transplantation, immune reconstitution was substantially delayed, leading to a high incidence of viral infection and relapse [49] . Comparison between ATG and CAMPATH is presented in Table 1 . 
Role of Serotherapy in Prophylaxis for Graft-Versus-Host Disease

Anti-Thymocyte Globulin
Given the significant morbidity and mortality associated with GVHD, multiple efforts have been ongoing to optimize prophylaxis for these sequelae. In vivo T-cell depletion via ATG has been a topic of much debate in this context. Several studies have evaluated the appropriate preparation, optimal dose and sequencing of therapy to capitalize on the immunosuppressive effects without heightening the risk for relapse and infection.
Two early meta-analyses have confirmed the benefit of ATG in preventing GVHD. Theurich et al. appraised the value of ATG as prophylaxis following allogeneic stem cell or bone marrow transplantation, including six randomized control trials up to February 2012 [50] . The incidence of severe aGVHD (grade II-IV) was significantly lower in patients who received ATG, risk ratio (RR) 0.68, 95% CI 0.55-0.85, p = 0.009, and number needed to treat (NNT) 8. Moreover, the use of ATG seemed to confer a lower incidence of cGVHD for those studies that reported this outcome. The incidence of relapse and non-relapse mortality was not significantly different in the ATG arms compared to the non-ATG arms, RR 1.13; 95% CI 0.75 to 1.68, p = 0.56, and HR 0.82; 95% CI 0.55 to 1.24, p = 0.35, respectively. Whereas Ziakas et al. evaluated various prophylactic regimens, either as monotherapy or in combination, including 33 studies up to June 2014 [51] . Though cyclosporine A (CsA)/methotrexate (MTX) was the most popularly utilized regimen, ATG/CsA/MTX was one of the superior treatment protocols, with odds ratios (OR) 0.45 (95% CI, 0.27-0.70), and NNT of 5. These two studies highlight the benefit of ATG in mitigating both acute and chronic GVHD, without adversely affecting mortality.
Optimizing GVHD prophylaxis among HLA-mismatched unrelated donors has also been a challenging dilemma. Ayuk et al. investigated the utility of ATG conditioning between 195 recipients of matched grafts and 64 recipients of mismatched grafts [52] . Patients received standard myeloablative conditioning, including ATG-Fresenius plus a combination of CsA and MTX as GVHD prophylaxis. ATG was dosed at 30 mg/kg/day within the last 3 days prior to transplant. Inclusion of ATG in the conditioning regimen led to a decreased incidence of both acute and chronic GVHD, as well as TRM, without compromising overall survival (OS) or disease free survival (DFS) ( Table 2 ). The incidence of aGVHD among mismatched recipients was in fact noted to be even lower than that observed in the matched group. This may in part be due to the higher ATG dose administered in the mismatch group. Eighty five percent of patients in the mismatched group received a total ATG dose of 90 mg/kg, while only 40% of those in the matched group received this target. There were theoretical concerns of limiting relapse rate and hastening immunological recovery among the HLA-matched recipients, which prompted the dose-reduction. Nonetheless, the data ultimately showed that the addition of ATG can augment GVHD prophylaxis, such that mismatched grafts can be given without an increased risk of TRM. Chronic GVHD also tends to be more common following peripheral blood stem cell transplant. Given the transition toward sourcing stem cells from peripheral blood, greater efforts have been placed to prevent the incidence of cGVHD [53] . Wolschke et al. investigated the impact ATG-Fresenius in HLA-identical or -mismatched sibling peripheral blood stem cell transplant [54] . The median dose was 30 mg/kg (range 20-90 mg/kg), in three divided doses administered daily, for 3 days prior to transplant. Fifty sixty percent (56%) of patients underwent standard myeloablative conditioning, with the remainder receiving RIC. The incidence of both aGVHD (II-IV) and cGVHD were lower in the ATG arm, but more notable was the difference in extensive GVHD at one year: 14% in the ATG arm compared to 39% in the non-ATG arm (p < 0.001). There was an increased incidence of EBV/post-transplant lymphoproliferative disease (PTLD) in the ATG-arm, 9% versus 2% (p = 0.05), however all patients could be salvaged with rituximab and no patient died due to EBV/PTLD. The rate of CMV reactivation was not statistically significant. The 5-year rate of relapse was 34% in the ATG arm, and 29% in the non-ATG arm, but this was not statistically significant (p = 0.3). The 5-year PFS, NRM and OS were 37%, 20% and 54% in the ATG arm, and 26%, 34% and 46% in the non-ATG arm, respectively.
Socie et al. also specifically addressed the role of ATG in preventing cGVHD [55] . Two hundred and one patients underwent myeloablative conditioning before transplantation from either matched or mismatched unrelated donors. ATG-Fresenius was administered at 20 mg/kg/day for three consecutive days prior to transplantation. The 3-year cumulative incidence of extensive cGVHD was 12.2% in the ATG group versus 45.0% in the control arm (p < 0.0001). The incidence of relapse and non-relapse mortality was 32.6% and 19.4% in the ATG arm, and 28.2% and 33.5% in the control arm, respectively. Three-year OS was 55.2% in the ATG group and 43.3% in the control group. Furthermore, the 3-year probability of survival, free of immunosuppressive therapy, was 52.9% in the ATG arm, and 16.9% in the non-ATG arm.
This benefit was further corroborated by Kroger et al. who conducted a prospective, multicenter, open-label, randomized phase 3 study employing ATG prophylaxis as part of the conditioning regimen [56] . One hundred and sixty eight patients were enrolled and assigned a 1:1 ratio for prophylaxis with ATG (10 mg/kg/day starting 3 days prior to transplant) versus without ATG. Patients received standard myeloablative therapy and transplantation of allogeneic peripheral-blood stem cells from an HLA-identical donor. Participants were followed for a median of 24 months. The cumulative incidence of cGVHD was 32.2% in the ATG arm, and 68.7% in the non-ATG arm. Two-year relapse free survival and OS rates were comparable in both arms: 59.4% and 74.1%, respectively, in the ATG group, and 64.6% and 77.9%, respectively in the non-ATG group. The rate of GVHD-free and relapse-free survival at 2 years was significantly higher in the ATG group than the non-ATG group (36.6% vs. 16.8%, p = 0.005). There was no significant difference for infectious complications or adverse events between groups.
There has been much ambiguity with regards to the optimal dosing of ATG for GVHD prophylaxis. Bryant et al. compared low dose ATG for prophylaxis of GVHD in MUD allogeneic HSCT, using rATG-Thymoglobulin at 0.5 mg/kg on day −2, and 2 mg/kg on day −1 pre-transplant [57] . Seventy two percent (72%) of patients received standard myeloablative conditioning, and the remaining had RIC. ATG exposed patients had lower rates of GVHD compared to the unexposed group (57% vs. 79%, p = 0.005), with the difference more pronounced in cGVHD (18% vs. 44%, p = 0.009). At median follow-up of 13 months for the ATG group and 20 months for the non-ATG group, there was no difference in OS (median OS not met for either cohort) or cumulative incidence of relapse (26% vs. 29%; p = 0.73). Two-year GVHD-free Relapse-free Survival (GRFS) between ATG exposed and unexposed cohorts was 23% vs. 3% respectively (p = 0.003). These findings indicate that lower doses of ATG can prevent GVHD, especially cGVHD, while still maintaining comparable survival outcomes.
Reduced-dosing options were also investigated by Tandra et al., who employed the use of rATG 3 mg/kg on days −2 and −1 pre HSCT among 58 MUD transplant patients [58] . Thirty-one (31) patients had RIC, and 26 were ablative. The 100-day incidence of grade III to IV aGVHD was 18%, and for cGVHD at 1-year it was 27%. The incidence of CMV, EBV and HHV6 viremia was 25%, 35% and 14%, respectively. Three-year overall survival estimate was 48%. Incidence of non-relapse mortality and relapse at 1 year was 21% and 44%, respectively. Furthermore, there was no report of EBV-driven lymphoproliferative disorder. This study also emphasizes the benefit of lower dose of ATG in reducing the rates of cGVHD.
Crocchiolo et al. compared rATG Thymoglobulin at 2.5 mg/kg on day −3, versus 2.5 mg/kg on days −2 and −1 prior to transplantation (HLA matched or mismatched donors) with the standard conditioning of busulfan and fludarabine [59] . The two-day regimen demonstrated improved rates of aGVHD and cGVHD: 23% versus 42% (p = 0.002), and 35% versus 69% (p < 0.0001), respectively. Furthermore, no statistical difference was observed with 2-year OS or NRM between arms, and the cumulative incidences were nearly identical (67% versus 65% and 19% versus 20%, respectively). The incidence of relapse/progression was lower in the two-day arm, 19% compared to 30%. These data suggest that ATG at a total dose of 5 mg/kg correlates significantly with reduced incidence and severity of GVHD without compromising disease control. This alludes to a step forward in the optimization of RIC.
As a further step, Wang et al. investigated the influence of two different doses of ATG on the incidence of GVHD among patients receiving HSCT from haploidentical donors without ex vivo T-cell depletion [60] . Patients underwent myeloablative conditioning. The dosing schedules were as follows: ATG (Thymoglobulin; rATG) 2.5 mg/kg/day (cumulative dose 10 mg/kg, ATG-10) or 1.5 mg/kg/day (cumulative dose 6 mg/kg, ATG-6) on days −5 to −2 prior to transplant. The incidence of aGVHD (III-IV) was higher in the ATG-6 arm (16.1%), than in the ATG-10 arm (4.5%, p = 0.005). Also, while there were no deaths attributed to aGVHD in the ATG-10 arm, the incidence was 4.5% in the ATG-6 group. Conversely, the rate of EBV reactivation was higher in the ATG-10 group: 25.3% versus 9.6% (p = 0.001), with a corresponding higher rate of PTLD: 8% versus 1.8%, respectively. The 1-year incidence of CMV reactivation was comparable in both groups. Though no significant difference in septicemia or invasive fungal infections was shown between both arms, there was a trend toward higher incidence of these in the ATG-10 group (11.6% versus 5.4%, respectively). The 1-year probability of NRM, OS and DFS also did not differ. While the higher dose ATG may have reduced the incidence of aGVHD and death secondary to aGVHD complications, this advantage did not translate into lower NRM or OS, likely as a result of delayed immune reconstitution and increased susceptibility to infections. Likewise, the higher rate of severe GVHD observed in the 6 mg/kg arm offset the decreased mortality from non-GVHD complications, thus also resulting in similar survival outcomes.
Additionally, the long term benefits of ATG were gauged in an updated study by Bacigalupo, et al. [61] . The sample size included 100 participants who underwent bone marrow transplant from unrelated donors. They were randomized to receive rATG total dose 7.5 mg/kg versus no ATG. All patients were prepared with conventional cyclophosphamide and total body irradiation, followed by cyclosporine/methotrexate as GVHD prophylaxis. Median follow-up was 5.7 years. When comparing the ATG arm to the non-ATG arm, the rate for cGVHD was 37% versus 60%, respectively, and for extensive cGVHD it was 15% versus 41%, respectively. Chronic lung dysfunction was diagnosed in 19% of patients, compared to 51%; and Karnofsky performance status >90% at 4 years was 89% in the ATG arm compared to 57% in the control arm. For patients who survived 1 year, TRM was 3% in the ATG arm versus 25% in the non-ATG arm, and the survival was 85% versus 58%, respectively. The 6-year survival between ATG versus non-ATG patients was 31% and 44%, respectively (p = 0.080). Rate of relapse was higher among the ATG patients (40%) versus the control arm (32%), p = 0.09. Overall, the addition of ATG to standard CsA/MTX prophylaxis improved extensive cGVHD, chronic lung dysfunction, as well as quality of life.
Ultimately, there still exists much variability in standard dosing for ATG prophylaxis. Thymoglobulin is typically administered at 2.5 to 10 mg/kg, with the European Blood and Marrow Transplant Group recommending a total dose of 7.5 mg/kg, divided into three days for MUD transplants. In the United States however, different protocols use different doses of rATG, with the most common total dose being 4 mg/kg administered in divided doses over the course, divided into three days [62] .
In an attempt to answer the question of optimal dosing of ATG from another perspective, Admiraal et al. looked at the relationship between prophylactic exposure to ATG and clinical outcomes in adult patients with acute leukemia and myelodysplastic syndrome. Those patients who received unrelated stem cell transplant and fell into what they deemed the optimum exposure group had a greater chance of event-free survival than those in the below optimum exposure group. Interestingly, the "optimum exposure" was based on absolute lymphocyte counts rather than weight-based-dosing [63] . This then brings to question whether therapies acting on the immune system should be dosed based on other metrics than just weight.
Finally, there have been a few other studies addressing the benefit of different ATG preparations. The general consensus was that for the prophylaxis of GVHD, rabbit ATG has proven to be efficacious, whereas equine ATG has not demonstrated any notable benefit [64] [65] [66] .
Alemtuzumab
Alemtuzumab-conditioning regimens consistently confer an advantage in the reduction of acute and cGVHD, and by extension TRM [10, 67, 68] . Furthermore, with the convention toward RIC regimen to exploit the benefit of GVT effect, the incidence of grade II-IV aGVHD averages 40-60%. Alemtuzumab overcomes this drawback by reducing this incidence to 10-20% [10, 68, 69] .
A pioneer phase II study performed by van Besien, et al. (2005) sought to evaluate the benefit and toxicity of including alemtuzumab with fludarabine/melphalan conditioning regimen for AML and MDS [70] . Donors were either related or unrelated with no more than one antigen mismatch after considering HLA-A, B, C and DR. The study enrolled 52 adult patients, averaging 52 years of age, and with the majority having high-risk disease, comorbidities and/or modest reduction in performance status. The cumulative probability of grade II to IV aGVHD was 33% at 1 year, and 18% for cGVHD at 1 year. All five patients with extensive cGVHD were recipients of unrelated donor transplants. Compared to their prior studies, sans alemtuzumab, the rate of GVHD was dramatically reduced. Furthermore, they employed aggressive CMV prophylaxis protocols to attenuate CMV reactivation. At one-year, OS was 48%, PFS was 38% and TRM was 33%.
Given these promising results, this group then performed a follow-up study (2009), comparing outcomes of 95 patients treated at the University of Chicago with fludarabine/ melphalan/alemtuzumab conditioning to 59 patients treated at M.D. Anderson Cancer Center with only fludarabine/melphalan conditioning [71] . Patients were diagnosed with AML or MDS, and had similar patient and donor characteristics. The rate of aGVHD was 23.3% among patients conditioned with alemtuzumab, versus 58.1% in the non-alemtuzumab group. More strikingly, the rate of cGVHD was reduced almost 5-fold, with an incidence of 16% among those treated with the alemtuzumab-containing regimen. Additionally, there was a non-significant increase in recurrence rates (24%) with alemtuzumab, and a non-significant decrease in TRM (25%), but with nearly identical OS between both groups.
A parallel study was performed by Malladi, et al. who retrospectively analyzed 88 patients, assessing the effect of in vivo T-cell depletion in HLA-identical sibling RIC allografts for adult AML by comparing patients who received alemtuzumab (n = 51) to those without alemtuzumab (n = 37) conditioning [72] . Results mirrored those of the van Besien study, with minor decrease in TRM, increase in relapse rates and similar OS rate in the alemtuzumab group. Moreover, despite only a modest decline in grades II-IV aGVHD (14% vs. 22%), the reduction in the rate of cGVHD was more profound, meeting statistical significance (23% vs. 77%, p = 0.001, Table 3 ). Alemtuzumab has also demonstrated utility when incorporated into RIC regimen used to transplant aggressive non-Hodgkin's Lymphoma (NHL). Such patients have either refractory disease or relapse following an autologous transplant, and myeloablative regimen are associated with a high rate of TRM [73] . Morris and Mackinnon evaluated the outcome for relapsed and refractory NHL treated with alemtuzumab containing RIC. Eight eighty patients were studied, with the majority diagnosed with low-or high-grade lymphoma, and 10 patients with mantle cell lymphoma. GVHD prophylaxis was with CsA. 15% of patients developed grade II-IV aGVHD and the incidence of cGVHD was 6.8%. The addition of alemtuzumab to RIC has resulted in lower rates of grade II-IV aGVHD (10-17%) and cGVHD (7-18%), without compromising OS [74, 75] . The 100-day and 3-year non-relapse mortality for all patients was 14% and 22% respectively [75] , showing a role for alemtuzumab added to RIC.
Cons of alemtuzumab include an association with a protracted immunosuppression phase, with very slow recovery of CD4 + cells, predisposing patients to opportunistic infections [69, 70] . CMV reactivation is among the more common infections, with an incidence ranging 30% to 85% [10, 70, [74] [75] [76] [77] . With the prompt institution of anti-viral therapy, namely ganciclovir or valganciclovir, most CMV reactions can be well-contained [78] . There is also an increased risk of EBV infection, but given the concomitant depletion of B cells and anticipatory administration of rituximab, the risk of developing a post-transplant lymphoproliferative disorder is low [79] .
Other caveats of alemtuzumab conditioning are the risk for disease recurrence following SCT and mixed T-cell chimerism [2] . The T-cell depletion inherent to alemtuzumab is thought to predispose to disease recurrence after transplant [80] . This can be overcome with further chemotherapy, tyrosine kinase inhibitors in CML, and/or donor lymphocyte infusion (DLI), thus maintaining a respectable OS [2] . The value of converting to full donor chimerism remains equivocal in obtaining long-term disease control, with speculation that this may decrease relapse and facilitate prolonged disease control.
Role of Serotherapy in the Treatment of Graft-versus-Host Disease
Anti-Thmocyte Globulin
Acute GVHD is one of the major obstacles for successful HSCT, with mortality rates for severe aGVHD (grades III-IV) ranging 70-100% [81] [82] [83] . As such, Cragg et al. assessed the role for upfront ATG treatment in a randomized trial comparing prednisone with ATG/prednisone as initial systemic therapy for moderately severe aGVHD [84] . Forty six patients were randomly assigned to therapy with prednisone (60 mg/m 2 /day for 7 days), and 50 patients were treated with ATG/prednisone (15 mg/kg/twice daily ATG, plus 20 mg/m 2 /twice daily prednisone for 5 days). Each arm was succeeded by an 8 week prednisone taper. The overall response at day 42 was equivalent in both arms, 76% (p > 0.8). Furthermore, complications were more frequent in the ATG/prednisone group: a greater number CMV infections (44% versus 22%, p = 0.2) and more frequent pneumonitis (50% versus 24%, p < 0.1). EBV lymphoproliferative disease was uncommon (4 cases), and comparable in both groups. There was no significant difference in survival at up to 2 years between both groups. ATG/prednisone failed to improve control of GVHD, while potentially affecting survival secondary to infectious complications. Consequently, combination therapy with ATG should be reserved as second-line therapy in the management of aGVHD.
Thereafter, Remberger et al. investigated ATG in the context of severe steroid-resistant acute GVHD [85] . Patients with grade II-IV aGVHD involving the skin, liver and gastrointestinal tract were included in the treatment arm (n = 29). Five different preparations of ATG were used, with corresponding doses: Rabbit ATG (0.25-1 mg/kg/day), BMA 031 (0.2 mg/kg/day), OKT-3 (2.5-5 mg/day), rATG-Fresenius (4 mg/kg/day), rATG (2 mg/kg/day). The control group consisted of all other patients who developed aGVHD grade III-IV, but did not receive ATG treatment (n = 33). Corticosteroids formed the basic GVHD treatment backbone, with additional therapies such as PUVA, MTX, thalidomide, extra-corporeal PUVA, CsA, tacrolimus and MMF also being employed.
The rate of response was most pronounced among those patients with skin involvement (72%). Nonetheless, survival at 100 days was 37% and at 1 year was 12%, with most patients succumbing to GVHD (72% aGVHD, 14% cGVHD). Viral and fungal infections also contributed to mortality. Results from the control group paralleled that of the ATG-treated group, with similar survival rates among patients of high-grade GVHD. Furthermore, the cause of death was also similar between groups, being mainly attributed to GVHD, and then infectious etiology. Ultimately, this study highlighted that the addition of ATG to treat severe aGVHD offered no improvement when compared to those patients who were managed without ATG. This postulates that once severe GVHD is established, treatment is difficult, regardless of intervention. It also challenges whether the treatment paradigm should focus on starting therapy upfront for patients with grade I disease.
In terms of response and OS, Ozen et al. corroborated these findings on their 20-year retrospective study evaluating the use of ATG for the treatment of steroid-refractory aGVHD [86] . Patients were diagnosed with severe (grade III-IV) aGVHD with involvement of the skin, liver or GI tract. Three different preparations of ATG were utilized: Fresenius, Thymoglobulin and Lymphoglobulin, at an average dose of 2-10 mg/kg/day for 5 days. An overall response was noted in 42% of patients, however the OS did not increase in any treatment group. High mortality rates were largely due to infectious complications, occurring in 10 of the 15 responding patients, and 19 of the 20 non-responders (Table 4) . Other studies assessing the merit of ATG in this setting have yielded similar discouraging results. Khoury et al. observed an initial 30% improvement in patients treated with ATG for steroid refractory aGVHD [87] . Despite this, 52 patients (90%) died at a median of 40 days after ATG therapy, with 74% of cases being attributed to progression of aGVHD and/or infection. ATG dosing was variable from 10 to 40 mg/kg/day, for up to 10 days in total. Arai et al. also demonstrated an overall response of 30%, with the most distinct benefit among those patients with skin disease (59%) [88] . Nonetheless, median OS was 3.6 months, with 10% of patients alive at 2 years. Only 5% of the deaths were due to relapse, with the remaining causes secondary to GVHD, infection and/or organ failure. The dose of ATG was 10-15 mg/kg on alternate days for 7 treatments, repeating if there was a response.
The influence of varied ATG doses was also evaluated by McCaul et al. [89] . Thirty six patients with grades II-IV steroid-resistant aGVHD were treated with rATG according to either of the two following regimens: 2.5 mg/kg/day × 4-6 consecutive doses, or 2.5 mg/kg/day on days 1, 3, 5, 7. The overall response rate (ORR) was 59%. However, similar to Khoury et al., OS rates were poor. Only 2 patients (6%) were alive at 15-plus and 34-plus months, with opportunistic infections, as well as development of PTLD (25%) contributing to mortality.
Additionally, MacMillan et al. retrospectively assessed the benefit of early ATG therapy in 79 patients with steroid-resistant aGVHD [90] . Patients were treated with Equine ATG at a dose of 15 mg/kg/twice daily for 5 days, for up to 5 courses (median of 2 courses). Time to initiation of ATG was 16 days (median, 5 to 44 days) after the onset of GVHD. ORR was 54%, with the best responders among those with skin disease (61%). Patients in whom ATG therapy was initiated within 2 weeks of steroid treatment had a higher probability of survival than did patients with a longer period between treatment regimen, 46% versus 19%, respectively (p = 0.05). The estimated survival at 1 year was 32%. The primary cause of death was GVHD in 48 patients (89%) and relapse in 6 patients (11%), with infections contributing to 36 deaths (67%). These data indicate that though OS is generally poor for this group of patients, at that the impact of ATG may be more marked if initiated earlier.
Given that several trials have demonstrated consistently poor outcomes with the use of ATG for steroid refractory aGVHD, Hsu et al. sought to explore the global perspective on this subject [91] . An international survey was conducted with responses from 153 centers in 36 countries. Overall, 67% of the reporting centers indicated the routine use of ATG to manage steroid-refractory GVHD, with a higher proportion of centers being pediatric-oriented. Equine ATG was used among 50% of centers and rATG by 24% of centers. There was considerable variability in the dose of ATG employed: Equine ATG-averaged from 5 mg/kg to 40 mg/kg, with a minimum cumulative dose 25 mg/kg to 180 mg/kg; rATG-0.5 mg/kg to at least 10 mg/kg, with a minimum cumulative dose of 4 mg/kg to 50 mg/kg. Based on this review, there is no uniform consensus on the indication of ATG for the management of steroid refractory aGVHD, nor is there standardization of the appropriate preparation or dosing that should be recommended.
Presently, there is no uniform consensus on the indication of ATG for the management of steroid refractory severe aGVHD. An initial response is often observed, particularly among those with skin manifestations, however, this benefit is offset by infectious complications and ultimate progression of GVHD. ATG has not demonstrated a consistent benefit in overall survival when employed in this context. Furthermore, there is no standardization on the appropriate preparation or dosing that should be recommended. Nonetheless, ATG should be considered for the management of steroid refractory aGVHD, as it seems to offer a greater benefit when started within 2 weeks of steroid initiation.
Alemtuzumab
The pathophysiology of aGVHD hinges on the presentation of host antigens to donor T cells by antigen presenting cells, such as dendritic cells [91] [92] [93] [94] . Given that alemtuzumab depletes T cells and dendritic cells from both the donor and recipient, it may be beneficial for not just preventing, but also for managing aGVHD [18, 69, [95] [96] [97] . This concept was explored by Gomez-Almaguer et al., who evaluated the safety and efficacy of alemtuzumab in treating steroid-refractory aGVHD, grade II and higher, among 18 patients [98] . Over ninety percent of these patients had HLA-identical sibling donors, and received RIC. Alemtuzumab was scheduled at 10 mg/day for 5 consecutive days, with response being assessed by day 28. The ORR was 83%, with 6/18 patients achieving a complete response. Ten of the 15 responders are alive at median follow-up of 11 months. The three patients who did not respond died from GVHD. CMV reactivation occurred in 11 patients (61%).
Martinez et al. also conducted a similar trial, enrolling 10 patients with grade III-IV steroid-refractory aGVHD [99] . They were also able to demonstrate a reasonable overall response, with 2 patients (20%) experiencing a complete response and 3 patients (30%) undergoing a partial response. Conversely, their survival data was markedly different, with all 10 patients dying at a median of 40 days from alemtuzumab administration. Seven patients experienced progression of aGVHD, 2 succumbed to severe infection and 1 patient had a relapse of leukemia. Reactivation of CMV was noted among 7 patients. The difference in survival may be in part that Gomez-Almaguer enrolled patients with lower grade disease, whereas the participants for Martinez et al. were all grades III-IV.
Nonetheless, these data demonstrate that steroid-refractory aGVHD may respond to alemtuzumab upfront, with a more durable response if introduced at a lower grade of disease. However, for those with established severe aGVHD, the advantage conferred by alemtuzumab does not offset the overall dismal outcome of this complication.
Two other studies also sought to ascertain the role of alemtuzumab in patients with disease confined to the gastrointestinal tract and/or liver. Schnitzler et al. evaluated 20 patients with histologically confirmed steroid refractory grade III-IV intestinal GVHD after related and unrelated HCT [100] . They demonstrated an overall response rate of 70%, with 8 patients achieving a complete response. The median time to clinical response was 12 days from the first alemtuzumab dose. They also demonstrated a median survival of 280 days and 1-year OS of 50%, which was superior, or at least on par, with other standard regimens. Infectious complications encountered were mainly Aspergillus pneumonia, bacterial pneumonia, CMV colitis and EBV reactivation. CMV reactivation was managed with ganciclovir and EBV reactivation with rituximab. Schub et al. also assessed 18 patients with grade III-IV disease confined to the gut and/or liver [100] . The dose of alemtuzumab varied among three sub-groups of patients, with a gradual downward titration from the original dose of 70-80 mg, to a final dose of 3-13 mg. This was done in an attempt to offset the higher frequency of virus reactivation and bacterial infections encountered with the higher dose alemtuzumab. Results were similar, with 17 patients (85%) responding to therapy, and 5 patients experiencing a complete response. Furthermore, one-third of patients were still alive at a median follow-up of 108 weeks (Table 5 ).
In this subgroup of patients diagnosed with gastrointestinal tract and/liver aGVHD, alemtuzumab clearly has demonstrable benefit, with well over two-thirds of the patients experiencing an overall response. However, with the profound T-cell depletion, viral reactivation and fungal and bacterial infections continue to be an obstacle. Aggressive surveillance and treatment strategies may prove efficacious in mitigating these sequelae. Nonetheless, overall survival rates were reasonable, alluding to a potential role of alemtuzumab in this setting. Further studies evaluating head-to-head comparison of dosing regimens will be helpful to elucidate a dose that limits infectious complications, without compromising clinical efficacy. There has also been anecdotal evidence suggesting the role of alemtuzumab to manage cGVHD [101] [102] [103] . Ruiz-Arguelles, et al. described a case of a 19 year old female diagnosed with M2 acute myelogenous leukemia who underwent HLA-matched sibling allograft, and subsequently developed extensive, ulcerated, refractory cutaneous GVHD. She was treated unsuccessfully for 9 months with steroids, cyclosporine-A, sirolimus, tacrolimus, mycophenolate mofetil, infliximab and rituximab. Twenty one months following the allograft, she was treated with alemtuzumab 10 mg daily subcutaneously for 6 consecutive days every 4 weeks. Seven months following initiation of alemtuzumab, she experienced resolution of 100% of the ulcers, as well as the pain. The dose was then reduced to 10 mg every 10 days.
The patient was well for 20 months thereafter, however, she developed exertional dyspnea and severe hypoxemia after alemtuzumab was interrupted for a dental procedure. Chest X-ray showed diffuse reticulonodular pattern of disease. The patient declined pulmonary biopsy. She had no improvement with steroids, antibiotics or anti-viral agents. Alemtuzumab was re-started at 10 mg/day subcutaneously, and her respiratory symptoms and X-ray findings improved dramatically within 7 days. Though there was no histological confirmation of cGVHD, the clinical presentation and response to alemtuzumab are highly suggestive of cGVHD. More so, this reflects the potential role for alemtuzumab in the management of cGVHD.
Though a solitary case, the above report illustrates the potential for alemtuzumab in the management of cGVHD. It may be a worthwhile option when cGVHD is refractory to other modalities of therapy, and may even be considered earlier in the treatment to alleviate the steroid burden. Further investigation is mandated to ascertain the optimal initial dose, maintenance regimen and duration of therapy.
Conclusions
Rabbit ATG (and not equine) prophylaxis definitely reduces GVHD, primarily chronic and severe acute disease, thus ATG and its role in prophylaxis will improve quality of life. This effect does not seem to be associated with increased relapse or fatal infections, except for EBV. The impact of ATG will be better defined by the multi-center trial comparing ATG-F to no ATG (ClinicalTrials.gov identifier NCT01295710), which is completed and pending publication. Lower doses of ATG seem to prevent GVHD without increasing the risk of complications.
In terms of GVHD therapy, both equine and rabbit ATG show activity (about 30%), with a predilection for skin GVHD, and some reports even suggest better outcomes if initiated early. Regardless, most patients still die from either GVHD or infection within 100 days post-ATG [103] . On the other hand, based on small studies, alemtuzumab seems to have favorable efficacy on intestinal and liver GVHD with less risk of TRM. Randomized trials to compare the two serotherapies should be considered. It is of our group's opinion that both ATG and alemtuzumab have their role in treating GVHD however optimal dosing strategies and timing of initiation of therapy still require further investigational studies.
In terms of prevention, alemtuzumab seems to be less of a desirable drug given the increased risk of fatal infections and possible relapse. In this setting, the beneficial effect of alemtuzumab seems to be limited to cGVHD and not aGVHD. Regarding ATG for prophylaxis it has been clearly demonstrated to have benefit in severe aGVHD. Dosing however still needs to be optimized and further evaluation of weight based dosing versus dosing based on absolute lymphocyte count should be pursued. Taking all of these variables into consideration it can be agreed, that despite several studies and retrospective analyses, there is still room for optimization of these two modalities as a part of the armamentarium that the modern transplanter can have at their disposal.
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